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ABSTRACT
The beam-to-column connection in steel moment frames relies upon the strength of
the beam flange, beam flange to column flange weldment, and the through-thickness
strength of the column flange to transmit the cyclic forces from the beam flanges to
the column. There are few, if any, documented instances of fractures from the
Northridge Earthquake that could be specifically attributed to the through-thickness
properties of the column base metal. Despite no indications that inadequate through-
thickness strength was responsible for any of these fractures, there are lingering
questions about the through-thickness strength of the column sections. This lingering
doubt may be due to the results of uniaxial through-thickness tensile tests performed
in accord with ASTM A770. These results offen show a high degree of scatter
including some low strength values that may even be below the minimum specified
yield strength (MSYS) in the longitudinal direction.
An investigation is described which is intended to determine if any potential
problems exist with the through-thickness tensile properties of columns and to
propose through-thickness strength values for design of beam-to-column connections.
Column base metal characterization tests, simulated tension flange weld tests, and a
finite element analysis were performed. Large-scale Tee-joints, which experience the
I
constraints present in the connection, were tested in tension with high-strength (690
MPa yield strength) pull plates welded transversely to heavy column sections
Fourteen large scale Tee-joint tests were conducted on column sections from four
different mills (Northwestern Steel and Wire Co., Nucor-Yamato, British Steel, and
TradeARBED). The column sizes used were W14X176, W14X257, and W14X455.
To determine the effect of strain rate and pull-plate width, specimens with varying
\
pull-plate widths were tested at a liigh strain rate (305 mm/min.) and low strain rate
(1.27 mm/min.). Results indicate that the column strength is not affected by the
strain rate nor the pull-plate width. All Tee-joint tests showed that the apparent
through-thickness strength of the beam-to-column joint exceeds the longitudinal
tensile strength. Therefore, there is no need to check through-thickness strength for
design. The behavior of the Tee-joint experiments was also predicted using an
elastoplastic three-dimensional solid finite elements analysis.
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1.0 INTRODUCTION
1.1 Background
Steel moment frames are lateral-load resisting systems which consist ofbeams and
columns joined by moment connections. A moment connection is achieved by
welding the beam flanges to the column and bolting the beam web to the column by
means of a shear connection plate as shown in Figure 1.1. The standard beam-to-
column connection used in moment frames relies upon the strength of the beam
flange, beam flange to column flange 'Yeldment, and the through-thickness strength
ofthe column flange to transmit the cyclic inelastic moments generated in the beam.
In the event of a major earthquake, plastic rotations are expected to develop within
the beams at the beam-to-colutnn connections.
Contrary to what was expected, many buildings in the Northridge Earthquake of
January 17, 1994 experienced brittle fractures at the beam-to-column connections
(Fisher and Dexter, 1996, Hamburger, 1995, Kaufmann, et aI, 1997, and Shipp,
1997). There are few, if any, documented instances of fractures from the Northridge
Earthquake that could be specifically attributed to through-thickness column base
metal fractures (Kafrnann, et aI, 1997). However, there were a significant number of
brittle fractures that originated in the weld metal of the beam flange connection and
propagated into the column base metaL These brittle fractures took several possible
paths, either: 1) straight up the fusion area of the weld, possibly passing through the
3
column heat-affected zone (HAl); 2) curving into the column base metal and then
back toward the surface of the column flange, forming a "divot" in the column flange;
or, 3) through the column flange, arresting in the column flange or in the column
web. Figure 1.2 shows an example of a fracture that propagated through the column
flange and arrested in the column web. All of these types of fractures initiated in the
weld metal, and the fact that the fractures propagated into the column material is not
related to low strength or toughness of the column material (Fisher and Dexter, 1996,
Fisher, Dexter and Kaufmann, 1997, and Kaufmann, et aI, 1997).
Despite no indications that inadequate through-thickness strength was responsible for
any of these fractures, there are lingering questions about the through-thickness
strength of the column sections. This lingering doubt may be due to the results of
uniaxial through-thickness tensile tests performed in accord with ASTM A770.
These results often show a high degree of scatter including some low strength values
that may even be below the minimum specified yield strength (MSYS) in the
longitudinal direction (Barsom and Korvink, 1997). In addition, the reduction in area
of these through-thickness tests is often less than the reduction of area in the
longitudinal tests, indicating the ductility of the material is less in the through-
thickness direction (Barsom and Korvink, 1997).
4
The uniaxial through-thickness tests are not representative of the highly constrained
conditions under which the column flange base metal is loaded in the connection,
however. To explain the effect of constraint, consider a "scoop" of column flange
material that is postulated to pull away with the beam flange. This scoop ofyieldipg
column material is surrounded by column flange material that is not yielding, which
prevents shrinkage in the column transverse and longitudinal directions to
accommodate stretching in the through-thickness direction. The scoop of column
material will begin to develop tension in both the transverse and longitudinal directions,
in addition to tension in the through-thickness direction due to the applied load. Thus,
constraint elevates the mean stress of the three principal directions, which in tum
elevates the apparent yield strength in the through-thickness direction (Dexter and
Ferrel, 1995, Ferrel and Dexter, 1995).
,
Yielding ofa steel can be idealized as being governed by the Von-Mises Yield
Criterion:
where; is the uniaxial yield stress, and
cr'ij is the deviatoric stress tensor.
1
The magnitude ofdeviatoric stress is dependent on the hydrostatic stress as given by:
5
- 2
where;
cr··IJ
is the deviatoric stress tensor,
is the applied stress tensor, and
is the hydrostatic stress.
Therefore, as the hydrostatic stress is increased by constraint, the magnitudes of the
deviatoric stresses, which govern yielding, are reduced. Thus, because of constraint,
larger stresses are required to yield and further increase plastic strain. An apparent
increase in the through-thickness strength is observed, and increases in applied load can
be achieved (Dexter and Ferrel, 1995, Ferrel and. Dexter, 1995).
1.2 Objectives
The objectives of this investigation are:
1) to determine if potential problems exist with through-thickness tensile properties
of columns; and,
2) to propose through-thickness strength values for design ofbeam-to-column joints.
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1.3 Approach
Fractures that occurred·in the 1994 Northridge Earthquake, fractures that occurred in
the 1995 earthquake near Kobe, and fractures that occurred in recent full-scale beam-
column tests were reviewed.
Column shapes were obtained from most of the significant producers, including
TradeARBED, British Steel, Nucor-Yamato Steel, and Northwestern Steel and Wire.
In most cases, a W14x176 and W14x257 were obtained from each producer. A
W14x455 was also obtained from British Steel.
The tensile properties of these shapes were characterized at several locations in the
flanges in the longitudinal direction as well as in the through-thickness direction
using the ASTM A.770 test method. Charpy testing and hardness testing was also
performed.
Finally, "Tee" tests were designed to simulate the constraint and other conditions
associated with the full-scale beam flange to cOlurnn~ge weld joint in typical
moment connections. The Tee-tests were performed at high and low strain rates and
with various widths for the simulated beam flange.
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2.0 DESCRIPTION AND RESULTS OF EXPERIMENTS
2.1 Description of test specimen
Experiments were designed and performed to investigate the strength, deformation,
and fracture behavior of the column flange when loaded in the through-thickness
direction under conditions which are similar to the conditions present in moment
connections. The Tee-joint test specimens were fabricated as shown in Figure 2.1.
"Pull-plates" simulate the beam flanges and are made from HSLA-IOO steel (690
MPa minimum specified yield strength (MSYS)). High-strength steel was used in
order to deliver very large stresses in the through-thickness direction through the
column flanges.
The pull-plates were welded to the 609.6 mm (2 ft.) lengths of column shape using
the GMAW process and a ERI OOS-G electrode. The welds were full penetration with
backing removed, gouged, and welded from the second side. Relatively low heat
input was used (less than 2.5 KJ/mm). The weld joint design, filler metal, and weld
process were optimized to achieve maximum fracture resistance of the joint. The
specimen is designed to eliminate the most likely failure modes (beam flange yielding
and weld fracture) and to force a through-thickness failure of the column material.
This weld joint is not intended to be similar to typical structural beam flange to
column joints.
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All specimens contained continuity plates. In some cases the continuity plates were
attached by fillet welds and in other cases full penetration groove welds were used.
Cope holes should be used in the comers of the flange/web junction to provide for
termination of the web welds and the flange weld. Welding in the vicinity of the
strain hardened "k" region, i.e. the flange/web junction, should be avoided since this
can result in brittle fracture during fabrication or in service. As explained later,
several Tee-test specimens were fabricated without cope holes and these failed at the
comer where the welds merged, albeit at very high through-thickness stress levels.
The AISC Advisory recommends terminating the weld 38 mm (1.5 in) from the
tangent of the fillet. In the Tee-test specimens with cope holes, the weld was
terminated 55.6 mm from the inner flange face as shown in Figure 2.1.
2.2 Test matrix
Column sections are made from three types of steel; scrap-based electric furnace
steel, ingot production from integrated mills, and quenched and self-tempered (QST)
steel. In order to determine the through-thickness properties of the whole range of
steel columns, all three steels were considered in this investigation. Experiments
were conducted on steel shapes from Northwestern Steel and Wire Co., Nucor-
Yamato Steel Co., British Steel, and TradeArbed. The shape sizes used include:
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W14X176, W14X257, and W14X455. Column sections W14X257 and W14X455
are considered jumbo sections.
The experiments consisted of material characterization tests and simulated Tee-joint
tests. Material characterization tests were conducted on three column shapes, and the
pull-plates. These tests were conducted to see the correlation with the results
obtained from the Tee-joint tests.
The simulated Tee-joint test matrix is shown in Table 2.1. A total of 14 Tee-tests
were performed. Four tests with a 102 mm wide flange were tested at high strain rate.
The relatively narrow flange width ~as used because the high-strain rate test machine
capacity was limited to 2670 kN.
In order to investigate the effect of strain rate, if any, a test with a 102 mm wide pull-
plate was also tested at slow quasi-static strain rates. Originally, at least some of the
tests were expected to result in through thickness column failures. Therefore, it was
expected that the occurrence of through-thickness failures might be greater in the
high-strain rate tests. However, as it turned out, the column strength iJ1 all cases
exceeded the strength of the pull plates. Therefore, there was no variation in the
results and strain rate was not an important variable. Originally, more of these quasi-
static tests of specimens with 102 mm width pull-plates were planned. However,
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since there were no through-thickness failures at the high strain rate, it was not
necessary to compare the high to the low strain rate.
In order to investigate the effect ofpull plate width, six Tee-tests were performed
with a 302 mm width. These tests were conducted in the 27 MN test machine which
is only capable of slow strain rate loading. In addition, some preliminary tests were
conducted on a W14X257 column section from Northwestern Steel and Wire.
~
2.3 Materials and characterization tests
,
2.3.1 Materials
As previously mentioned, the Tee-test specimens were composed ofa 609.6 mm (2
ft.) column section, a pair of continuity plates, and a pair ofpull-plates. The
following will describe each ofthe materials used for these components.
2.3.1.1 Column sections and continuity plates
The steel in the coluinns froni Northwestern Steel and Wire Co., Nucor-Yamato Steel
Co., and British Steel was. classified as A572 Gr. 50 steel. The column sections from
TradeArbed were classified as A913 Gr. 50 steel.
The chemical composi~ions.of the column sections are listed in Table 2.2. The table
shows that the Nucor W14X257 column section has the least percentage of carbon
12
content (0.05 %), and the Nrthwestern W14X257 column section contains the most
carbon (0.15 %). All other sections had carbon of 0.08 to 0.09 %.
The sulfur content for sections from Northwestern, Nucor-Yamato, and
TradeARBED is about 0.02%. The sulfur content in the column sections from
British steel is significantly lower ranging from 0.003 % to 0.004%.
The continuity plates were made from A572 Gr. 50 steel to match the steel of the
columns.
2.3.1.2 Simulated beam flanges (pull plates)
The simulated beam flanges or pull-plates were made from HSLA-100 steel (690
MPa minimum specified yield strength (MSYS)) and the pull-plate to column weld
was made using an ER100S-G electrode. As previously mentioned, these materials
were used to provide the toughness and strength needed to avoid failure at low stress
levels and, force the failure to occur in the through-thickness direction ofthe column
flange. (Surprisingly, column failure still did occur.) Table 2.3 lists the chemical
compositions of the pull-plate material and weld metal.
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2.3.2 Characterization Tests
Material characterization included column base metal characterization tests and
weldment characterization tests. To characterize the column base metals, the tensile
strengths of the column flange materials in the longitudinal and through-thickness
directions were measured for the following sections: W14X257 (Northwestern);
W14X176 (Nucor-Yamato); and W14X257 (Nucor-Yamato). The longitudinal
specimens conformed to ASTM A6 standards and the through-thickness specimens
conformed to ASTM A770 standards. The through-thickness strength and reduction
in area ofthe column flange material were measured in three locations across each
flange to determine the variation across the flange.· Figure 2.2 shows the labels which
identify the location of the tensile test specimens.
Test weldments were sectioned out of the Tee-joint ofpre-tested specimens 2,3, and
,
4. The weldments included the pull-plate material; the weld, and the column flange
(Figure 2.3). The cross sections were macro-etched J.d the hardness ofthe weld
metal, HAZ, and base metal measured. Hardness measurements were performed
using a Rockwell B hardness tester.
2.3.2.1 Northwestern
Column base metal characterization testresults for the Northwestern W14X257
colUmn section are shown on Table 2.4. The Table shows that both specimens for the
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longitudinal tensile tests have similar characteristics, while some variation is present
in the through-thickness tensile test specimens. The longitudinal specimens give
results that are consistent with the A572 Gr. 50 steel requirements.
Through-thickness tensile specimens T-A2 and T-A3 have a yield strength that is
slightly below the MSYS of345 MPa. Specimen T-A2 has a slightly lower yield
strength and tensile strength than those obtained from specimens T-Al and T-A3.
Specimen T-A2 has an area reductionof33% which is about 30% less than that of
specimens T-Al and T-A3. These results indicate that the column material is less
strong and less ductile in the through-thickness direction than in the longitudinal
direction, and that the through-thickness ductility is particularly low in the k region.
It is interesting to note that a column section cut from the same piece was tested in a
full-scale beam-to-columnjoint test which exhibited a k-line fracture after many large
plastic rotation cycles which included large panel zone plastic'Cieformati?n. The
fracture originated where welds from a doubler plate contacted the k region.
A weldment specimen was sectioned out of a pre-tested Tee-joint specimen
(specimen 2), which was fabricated using the W14X257 column section from
Northwestern. The weldment includes the pull-plate material, the weld, and the
column flange (Figure 2.4). The cross sections were macro-etched and the hardness
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of the weld metal, HAl, base metal, and pull-plate were measured. Hardness
measurements were performed using a Rockwell B hardness tester. The hardness
values measured as well as their approximate tensile strength are listed in Table 2.5.
The approximate tensile strengths obtained from the hardness tests are slightly higher
than those obtained from the tensile tests. The tensile strengths for the pull-plate and
weld metal are found in Table 2.6.
2.3.2.2 Nucor-Yamato
Column base metal characterization tests were conducted for both a W14X176 and a
W14X257 column section from Nucor-Yamato. Table 2.7 shows the results for the
W14X176 section. The results show that both the specimens for the longitudinal and
through-thickness tensile tests have achieved the required yield strength of A572
Gr.50 steel (345 MPa). Again, the results for the longitudinal tensile tests show
consistency, while some variation is present in the results for the through-thickness
tensile tests. The longitudinal tensile test results exhibit average values of 361 MPa
(52 ksi), 489 MPa (71 ksi), and 76% for the yield strength, tensile strength, and
percent area reduction, respectively. The through-thickness results show similar
behavior for the specimens at mid-flange (T-Al and T-A3) but the specimen located
above the web (T-A2) had a lower yield strength, tensile strength, and percent area
reduction than those of the mid-flange. The three through-thickness specimens
achieved a yield strength above the minimum required for A572 Gr. 50 steel (345
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MPa). Specimens T-Al and T-A3 experienced a percent area reduction of 51 % and
44%, respectively, while specimen T-A2 experienced a percent area reduction of
13%. The percent area reduction in the through-thickness tensile specimens is at least
34% less than that of the longitudinal specimens, even in the flanges. The reduction
in area (13%) for the specimen taken from the k region is very poor
The results for the W14X257 column section are found on Table 2.8. Longitudinal
specimens drawn for the mid-flange (L-Al and L-A3) have yield strengths greater
than the 345 MPa (50 ksi) required. Unlike the two previous column sections, the
longitudinal specimen located over the web has a yield strength less than the required.
The percent area reduction of specimens L-Al and L-A3 is 75% and the percent area
reduction of specimen L-A2 is 78%. Through-thickness tensile tests show that the
yield strengths ofthe mid-flange specimens (T-Al and T-A3) achieve the required
yield strength, while specimen T-A2 has a yield strength of338 MPa (49 ksi). The
percent area reduction for specimens T-Al and T-A3 is 58%, which is approximately
23% less than that of longitudinal specimens. The percent area reduction for
specimen T-A2 is 28%, which is 37% less than that of the longitudinal specimens.
The results listed above show that for the W14X176 column section, both the
longitudinal and through-thickness tensile tests had a yield strength above the
required (345 MPa). The results for the W14X257 section showed that both the
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longitudinal and through-thickness specimens drawn out from mid-flange had yield
strengths greater than the minimum required, while specimens taken from the
location of the web were below the minimum yield strength of 345 MPa (50 ksi).
The column section is more ductile in the longitudinal direction than in the through-
thickness direction. The ductility of specimen T-A2 is again the least. Nucor-
Yamato and most of the other producers use a rotorizing method to square the beams
which is known to decrease the yield strength, tensile strength, and ductility in the k-
region of the column.
Weldment specimens were sectioned out of pre-tested Tee-joint specimens
(specimens 3 and 4), which were fabricated using the column sections from Nucor-
Yamato mentioned above. Specimen 3 was fabricated using the W14X257 column
section while specimen 4 was fabricated using the W14X176 column section. Again,
the weldments includes the pull-plate material, the weld, and the column flange
(Figures 2.5 and 2.6). The cross sections were macro-etched and the hardness of the
weld metal, HAZ, base metal, and pull-plate were measured. Hardness measurements
were performed using a Rockwell B hardness tester. The hardness values measured
as well as their approximate tensile strength are listed in Table 2.5. The approximate
tensile strengths obtained from the hardness tests are slightly higher than those
obtained from the tensile tests. Again, the tensile strengths for the pull-plate and
weld metal are found in Table 2.6.
18
2.3.2.3 Continuity plate, PUll-plaB' and Weld metal
Tensile tests were conducted on the material used for the continuity plates, and pull-
plates. The continuity plates were made from A572 Gr. 50 steel and had a yield
strength of 381 MPa (55 ksi), a tensile strength of 556 MPa (81 ksi), and a percent
area reduction of 66%. Since the yield strength and tensile strength values were equal
to or greater than those of the column sections, the continuity plate material matched
the column material and was therefore adequate for the fabrication of the Tee-joint
specimen. The pull-plates were made from HSLA-1 00 steel and it had a yield
strength of719 MPa (104 ksi), a tensile strength of783 MPa (113 ksi), and a percent
area reduction of75%. Since the yield strength and tensile strength of HSLA-1 00
steel were greater than that of the column sections, it was also adequate for the
fabrication ofthe Tee-joint specimen. According to the certificate of conformance,
the weld metal had a yield strength of718 MPa (104 ksi), a tensile strength of787
MPa (114 ksi). The weld yield strength and tensile strength agree with those required
for the fabrication of the Tee-Joint specimen. Table 2.6 shows the results mentioned
above.
2.4 Simulated tension flange weld tests
Fourteen simulated tension flange weld tests were conducted for this investigation.
As mentioned in section 2.2, the test matrix consisted of four high strain rate tests on
specimens with a 102 rom wide pull-plates, one quasi-static test on a specimen with
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102 rom wide pull-plates, six quasi-static tests on specimens with 305 rom wide pull-
plates, and three preliminary tests that were conducted on specimens with 152 mm
wide and notched pull-plates. Figure 2.7 illustrates the typical test set-up. The
specimen was loaded by a 2670 kN capacity universal testing machine. Linear
displacement variable transducers (LVDTs) were used to measure the elongation of
the specimen while it was being loaded. The measurements obtained from the
LVDTs were used to calculate the nominal elongation of the specimen. Strain gages
were used to monitor the strain throughout the specimen during loading. The
placement of the strain gages is discussed in chapter 3. The measurements of the
LVDTs as well as the strain gages were obtained with the use of the MEGADAC
2300C data acquisition system and the OPUS2000 computer software (Figure 2.8).
2.4.1 High strain rate tests
Three high strain rate tests were conducted on a W14X257 column section and one on
a W14X176 column section, for a total of four high strain rate tests. Both column
sections were manufactured by Nucor-Yamato. The mill tests report indicated that
the W14X257 column section had a yield strength of 372 MPa and an ultimate tensile
strength of 483 MPa in the longitudinal direction. Also, the W14X176 column
section had a yield strength of 379 MPa and an ultimate tensile strength of 517 MPa.
The specimens for these tests were fabricated similar to the specimen shown in Figure
2.1. The pull-plates were 102 rom wide (Figure 2.9) and the continuity plates were
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fillet welded. Due to a fabrication error, no cope holes were provided in the K-region
of the column section (Figure 2.10). It was agreed that the specimens would be tested
with the error. All of the high strain rate tests were loaded at a high strain rate of
approximately 305 mrnJmin.
High strain rate tests were composed oftest 3,4,7, and 8. Specimens 3,7, and 8 were
fabricated using a W14X257 column section, while specimen 4 was fabricated using
a W14X176 column section. Figure 2.11 to 2.14 illustrate the fracture of each test.
All four high strain rate tests failed by yielding and fracture of the pull-plates. Figure
2.15 shows the pull-plate stress vs. nominal elongation curves for each high strain
rate test. The peak pull-plate stresses were 799 MPa (test 3), 805 MPa (test 4), 800
MPa (test 7), and 800 MPa (test 8). Although specimen 8 yielded in the pull-plate,
the pull-plate stress vs. nominal elongation curve has a greater stiffness than the other
tests. This is due to the fact that the gage lerigth of the pull-plate was 457 mm instead
of 152 mm for this particular specimen.
The pull-plate stress does not adequately represent the stress experienced by the weld
and column face since the weld has a greater cross-sectional area than the pull-plate.
For this reason, the area of the weld was measured at the face of the flange (identified
as * in the Table 2.9) and a peak stress was calculated. The weld reinforcement has a
large gradient near the face of the flange and does not adequately represent the stress
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of the weld either. Therefore, the cross-sectional area of the weld was measured 1.6
mm (1/16 in.) away from the face of the column flange (identified as ** in Table 2.9).
Table 2.9 shows the weld stress values for thehigh strain rate tests at the peak load.
The weld stress values were calculated using the weld area measured at the face of the
flange, as well as, the weld area measured 1.6 mm away from the flange. The table
shows that the peak stress measured in the weld using the cross-sectional area
measured 1.6 mm from the column flange is larger than the longitudinal strength of
the column (483 MPa) for tests 3, 7, and 8. Since there was no fracture in the column
flange, the through-thickness strength is larger than the longitudinal strength for this
column. The peak stress for test 4 (506 MPa) is slightly lower than the longitudinal
strength of the column (517 MPa). Although the stress experienced by the weld is
lower than the longitudinal tensile strength, it is still larger than the minimum
required longitudinal tensile strength for A572 Gr. 50 steel, 449 MPa (65 ksi).
2.4.2 The 102 mm wide pull-plate test loaded quasi-statically
A test was conducted on a specimen with 102 mm wide pull-plates at a quasi-static
loading rate (1.27 mm/min.) to investigate the effect of strain rate. A W14X176
column section from Nucor-Yamato was used in this specimen (specimen 5) and the
continuity plates were fillet welded with no cope holes provided.
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While test 5 was being conducted, two pings were heard. The pull-plate stress vs.
nominal elongation curve on Figure 2.16, shows that there was a disturbance in the
load at those particular instances. It is a possibility that the fillet welds cracked in the
K-region of the column but there were no visible cracks to confirm it. The specimen
failedin the pull-plate and Figure 2.17 illustrates the fracture. The peak stress
experienced by the pull-plate of this specimen was 791 MPa. The stress experienced
at the weld was calculated by dividing the peak load by the area of the weld measured
at the face of the flange and at 1.6 mm away from the face of the flange. Table 2.9
shows the weld stress values calculated at the peak load. The peak stress calculated
using the area of the weld measured 1.6 mm away from the flange (510 MPa) is
lower than the longitudinal tensile strength of the column (517 MPa). Although the
peak stress is less than the longitudinal tensile strength ofthe column, it is higher than
the minimum longitudinal tensile strength required for A572 Gr. 50 steel (449 MPa).
Since the failure of the specimen did not occur at the column flange, the through-
thickness tensile strength is larger than the minimum required longitudinal tensile
strength for A572 Gr. 50 steel.
2.4.3 The 305 mm wide pull-plate tests
Six Tee-tests were conducted on specimens with a wider pull-plates to investigate the
effect of pull-plate width. These specimens were fabricated similar to the specimen
shown in Figure 2.1. The pull-plates used in these specimens were 302 mm wide
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(Figure 2.18) and the continuity plates were fillet welded for one (test 6) and full
penetration groove welded for five tests (test 9 - test 13), for a total of 6 tests. Each
specimen was fabricated using a column section that varied either in column size or
manufacturer. Table 2.10 shows the column size used for each specimen, the mill
that manufactured the column, the longitudinal yield strength of the column, and
longitudinal ultimate tensile strength 'of the column. These specimens were loaded at
a quasi-static loading rate of 1.27 mm/min. in a 22 MN capacity universal testing
machine. Figure 2.19 illustrates a typical test set-up of the 305 mm wide pull-plate
tests. Again the MEGADAC 2300C data acquisition system and the OPUS2000
software were used to record the LVDT and strain gage measurements.
As mentioned previously, the continuity plates on specimen 6 were attached using
fillet welds. Due to a fabrication error, no cope holes were provided at the K-region
of the column. Failure began in the weld ofthe continuity plates. Figure 2.20 (pull-
plate stress vs. nominal elongation curve) shows two locations at which there was a
load drop prior to fracture. The first two load drops were due to failure in the
continuity plate-to-flange connection. After the ductile continuity plate failures, the
web began to tear finally failing in a brittle manner along the K-region of the web
(Figure 2.21). This was a premature failure which resulted from the absence of the
cope holes in the continuity plates. This specimen experienced a peak stress of 699
MPa in the pull-plate. .
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Specimens 9, 10, 11, 12, and 13 were fabricated using full penetration groove welds
to attach the continuity plates and cope holes were provided. Specimens 9, 11, and
12 failed in a similar manner. One of the pull-plates for each specimen yielded and
eventually fractured. The ductile fractures were at a 45° angle with respect to the
loading plane, Figure 2.22 to 2.24. The specimens experienced a peak stress of 777
MPa (test 9), 780 MPa (test 11), and 788 MPa (test 12) in the pull-plate. Specimens
10 and 13 had premature failures in the pull-plate-to-column flange weld, Figure 2.25
and 2.26. These weld failures were due to slag in the weld. Although the specimens
had premature failures, specimen 10 experienced a peak pull-plate stress of775 MPa
and specimen 13 experienced a peak pull-plate stress of767 MPa. The pull-plate
stress vs. nominal elongation curve for each test is shown in Figure 2.27.
As previously mentioned, the peak nominal stress in the pull-plate is not a
representative value of the stress experienced by the weld. Therefore, stress values
were calculated using the cross-sectional area ofthe weld measured at the face of the
flange and measured 1.6 rom away from the face of the flange. Table 2.9 shows the
weld stress values calculated at the peak load for each 305 rom wide pull-plate test.
Comparing the longitudinal tensile strength values of each column section (Table
2.10) to the peak stress values calculated by using the weld area measured 1.6 mm
away from the column flange (Table 2.9), it can be seen that the peak stress
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experienced by the weld is still greater than the longitudinal tensile strength of each
column. Since there were no fractures at the column flange, the through-thickness
tensile strength is larger than the longitudinal tensile strength for each particular
column.
2.4.4 The 152 mm wide and notched pull-plate tests
Three preliminary tests were conducted to verify that the specimen design was
adequate and that the specimens could be tested in the 2670 kN capacity universal
testing machine. These specimens were fabricated usinga W14X257 column section
from Northwestern. The mill test report indicated that the column section had a yield
strength of 354 MPa and an ultimate strength of 510 MPa in the longitudinal
direction. These mill tests are taken from the column web and are conducted at a
relatively high strain rate.
The first specimen was fabricated as shown on Figure 2.1 with a pull-plate width,
Wp, of 152 mm. The Tee-joint specimen was subjected to quasi-static tension
loading (1.27 mm/min) in a 2670 kN capacity universal testing machine. The
specimen was loaded to the capacity of the machine (2670 kN) which caused a
nominal through-thickness stress of about 690 MPa but surprisingly did not induce
failure. The nominal stress vs. nominal elongation curve for this tests is shown in
Figure 2.28 as the solid line. This curve shows that yielding began in the pull plate.
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Since the specimen did not fracture, this tests has been labeled as test 0 throughout
this report.
The lack of failure presented a problem with regard to extracting the specimen from
the wedge grips. In order to break the specimen, 25 mm deep notches were cut in the
sides of one of the pull plates just above the weld. Figure 2.28 shows the pull-plate
stress vs. nominal elongation curve for this test (test 1). The peak nominal stress was
948 MPa. Fracture eventually occurred in the pull plate at the location of the notches
(Figure 2.29).
Another test (test 2) was performed using the same specimen that was used for test 1.
The pull-plate that did not fracture was reduced to a 102 mm wide pull-plate (Figure
2.9). The fractured surface of the pull-plate that failed was sawed off and an
extension was welded to the remaining pull-plate. The dimensions of this latter pull-
plate are also as shown in Figure 2.9. For this test, the peak pull-plate stress
experienced in the through-thickness direction, 764 MPa, once again exceeded 690
MPa. Eventually, yielding and fracture occurred in the heat affected zone of the
welded pull-plate extension (Figure 2.30). The pull-plate stress vs. nominal
elongation curve for this test is also shown on Figure 2.28.
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As mentioned previously, the nominal peak stress is not a representative value for the
stress experienced at the weld. Therefore, stress values were calculated using the
cross-sectional area of the weld measured at the face of the flange and measured 1.6
mm away from the face of the flange. Table 2.9 shows the weld stress values for the
152 mm wide and notched pull-plate tests at the peak load. The weld stress values
were calculated using the weld area measured at the face ofthe flange, as well as, the
weld area measured 1.6 mm away from the flange. According to the mill test report,
the longitudinal tensile strength of the column is 510 MPa. The table shows that the
stresses calculated using the area measured 1.6 mm away from the flange are larger
than longitudinal strength of the column. Test 0 could not be loaded to fracture
therefore, the peak stress reached by the specimen is less than the ultimate tensile
stress. Since no fracture occurred i!1 the column flange, the through-thickness
strength is greater than the longitudinal strength for this particular column.
The preliminary tests revealed that a smaller pull-plate width was required to test the
specimens in the 2670 kN capacity universal testing machine. Thus the high strain
rate test specimens were fabricated using 102 mm wide pull-plates instead of 152
mm wide pull-plates.
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2.4.5 Discussion of results
The pull-plate stress vs. nominal elongation curves for all Tee-joint tests are shown in
Figure 2.31. The figure shows that the 305 mm wide pull-plate specimens achieved a
higher nominal elongation than the 102 mm wide pull-plate specimens. This may be
attributed to the manner in which the specimens were loaded. The 102 mm wide
pull-plate specimens were tested at a high strain rate (305 mm/min.) while the 305
mm wide pull-plate specimens were tested at a quasi-static loading rate (1.27
mm/min.).
It can also be seen from the figure that the width of the pull-plate did not affect the
strength of the connection nor did the rate at which the specimens were loaded. A
difference in behavior was seen and expected on specimen 1 due to the notches
introduced in the pull-plate. The ultimate tensile strength was calculated for each
specimen (Table 2.9) by dividing the peak load by the area of the weld 1.6 mm away
-
from the flange. The specimens experienced peak stresses that ranged from 462 MPa
to 580 MPa. Therefore, the peak stresses experienced at the weld and column face
were higher than the minimum longitudinal peak stress (449 MPa) required for A572
Gr. 50 steel.
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Chapter 2 Tables
Table 2.1 Simulated tension flange weld test matrix.
Test Column Mill Pull-plate Type of
No. size width Tee-joint test
3 W14X257 Nucor-Yamato 102mm
4 W14X176 Nucor-Yamato 102mm 102 mm wide pull-plate
7 W14X257 Nucor-Yamato 102mm High strain rate
8 W14X257 Nucor-Yamato 102mm
5 W14X257 Nucor-Yamato 102mm 102 mm wide pull-plate, quasi-static
6 W14X257 Nucor-Yamato 304mm
9 W14X257 British Steel 304mm
10 W14X176 TradeARBED 304mm 305 mm wide pull-plate
11 W14X455 British Steel 304mm Quasi-static
12 W14X176 British Steel 304mm
13 W14X176 TradeARBED 304mm
0 W14X257 Northwestern 152mm 152 mm wide & notched pull-plate
1 W14X257 Northwestern 102mm Quasi-static
2 W14X257 Northwestern 102mm
Table 2.2 Chemical compositions of column sections
Mills Northwestern Nucor-Yamato British Steel TradeARBED
A572 Gr. 50 A572 Gr. 50 A572 Gr. 50 A913 Gr. 50
W14X 257 176 257 176 257 455 176 257
C 0.15 0.08 0.05 0.08 0.08 0.09 0.08 0.08
Mn 1.03 1.38 1.33 1.45 1.45 1.42 1.09 1.09
Si 0.32 0.24 0.22 0.308 0.308 0.299 0.19 0.19
P 0.012 0.01 0.02 0.017 0.017 0.018 0.025 0.025
S 0.022 0.02 0.02 0.003 .003 0.004 0.021 0.021
Cu 0.16 0.32 0.35 0.329 0.329 0.290 0.28 0.28
Ni 0.08 0.11 0.12 0.233 0.233 0.221 0.16 0.16
Cr 0.1 0.08 0.06 0.025 0.025 0.029 0.19 0.19
Mo 0.019 0.03 0.03 0.003 0.003 0.003 0.043 0.043
V 0.28 0.04 0.05 0.124 0.124 0.122 0.001 0.001
Nb 0 0 0.004 0.004 0.004 0.006 0.006
Cb 0.001 0.005
Sn 0.01 0.01
B< 5E-04 5E-04
-
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Table 2.3 Pull-plate and weld metal chemical compositions
Element Pull-Plate (HSLA-IOO) Weld Metal (ERIOOS-G)
C 0.048 0.07
Mn 1 1.32
Si 0.26 0.37
P 0.012 0.006
S 0.002 0.005
Cu 1.08 0.16
Ni 1.62 1.93
Cr 0.65 0.24
Mo 0.44 0.43
V 0.002 0.01
Al 0.029 0.01
Ti 0 0.02
Zr <.01
Sn 0.004
N 0.004
As 0.04
Sb 0.004
Cb 0.02
Table 2.4 Tensile tests results (W14X257 Northwestern)
Yield Tensile Area
Label Material Type of Specimen Strength Strength Reduction
(Steel) (MPa) (MPa) (%)
L-A1 A572 Gr. 50 Longitudinal 377 526 63
L-A3 A572 Gr. 50 Longitudinal 380 536 59
T-A1 A572 Gr. 50 Through-thickness 348 540 51
T-A2 A572 Gr. 50 Through-thickness 338 531 33
T-A3 A572 Gr. 50 Through-thickness 340 533 48
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Table 2.5 Hardness measurements for weldment characterization
Specimen # Location RockwellB Approx. tensile strength
hardness (MPa)
Specimen 2 Weld metal 109 1159
HAZ 104.3 945
Column 86.2 566
Pull-plate 104 925
Specimen 3 Weld metal 107.6 1063
HAZ 98.7 780
Column 82.7 531
Pull-plate 104.4 952
Specimen 4 Weld metal 108.3 1111
HAZ 100.6 835
Column 85.8 559
Pull-plate 103.9 925
Table 2.6 Tensile test results (continuity plate, pull-plate, and weld metal)
Yield Tensile Area
Type of specimen Material Strength Strength Reduction
(Steel) (MPa) (MPa) (%)
Continuity plate A572 Gr. 50 381 556 66
Pull-plate HSLA-100 719 783 75
Weld metal ER100S-G 718 787 --
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Table 2.7 Tensile test results (W14X176 Nucor-Yamato)
Yield Tensile Area
Label Material Type of Specimen Strength Strength Reduction
(Steel) (MPa.) (Mpa) (%)
L-Al A572 Gr. 50 Longitudinal 374 496 77
L-A2 A572 Gr. 50 Longitudinal 359 477 77
L-A3 A572 Gr. 50 Longitudinal 349 494 73
T-Al A572 Gr. 50 Through-Thickness 391 511 51
T-A2 A572 Gr. 50 Through-Thickness 353 483 13
T-A3 A572 Gr. 50 Through-Thickness 370 500 44
Table 2.8 Tensile test results (W14X257 Nucor-Yamato)
Yield Tensile Area
Label Material Type of Specimen Strength Strength Reduction
(Steel) (MPa) (Mpa) (%)
L-Al A572 Gr. 50 Longitudinal 361 471 75
L-A3 A572 Gr. 50 Longitudinal 350 464 75
T-Al A572 Gr. 50 Through-thickness 380 489 58
T-A2 A572 Gr. 50 Through-thickness 338 471 28
T-A3 A572 Gr. 50 Through-thickness 364 478 58
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Table 2.9 Summary of results for "Tee-joint" tests at peak load
Pull-plate
Test Column Peak load Pull-plate peak stress Weld area * Weld area ** Peak stress* Peak stress** Type of
No. size (MN) area (m1) (MPa) (m1) (ml ) (MPa) (MPa) "T-joint" test
3 W14X257 2.062 0.00258 799 0.0042 0.0041 491 503
4 W14X176 2.075 0.00258 805 0.0042 0.0041 494 506 102 mm wide pull-plate
7 W14X257 2.063 0.00258 800 0.0047 0.0039 439 529 High strain rate
8 W14X257 2.064 0.00258 800 0.0051 0.0037 405 551
5 Wl4Xl76 2.039 0.00258 791 0.0042 0.0040 485 510
102 mm wide pull-plate
Quasi-static
6 W14X257 5.404 0.00774 699 0.0116 0.0110 466 491
9 W14X257 6.013 0.00774 777 0.0131 0.0111 459 542
10 W14XI76 5.994 0.00774 775 0.0155 0.0123 387 487 305 mm wide pull-plate
11 W14X455 6.035 0.00774 780 0.0116 0.0105 520 575 Quasi-static
12 W14XI76 6.098 0.00774 788 0.0135 0.0132 452 462
13 W14X257 5.929 0.00774 767 0.0135 0.0132 439 449
0 W14X257 2.728 0.00387 705 0.0050 0.0051 546 535 152 mm wide & notched pull-plate
I W14X257 2.446 0.00258 748 0.0056 0.0034 437 719 Quasi-static
2 W14X257 1.971 0.00258 765 0.0037 0.0034 533 580w
..". • at column face
•• 1.6 mm away from the column face
Table 2.10 Column size, manufacturer, yield strength, and tensile strength
of columns used for the 305 mm wide pull-plate specimens.
Test Column Size Mill Longitudinal Longitudinal
No. yield strength tensile strength
(MPa.)* (MPa)*
6 W14X257 Nucor-Yamato 372 483
9 W14X257 British Steel 407 538
10 W14X176 TradeARBED 448 545
11 W14X455 British Steel 372 545
12 W14X176 British Steel 414 545
13 W14X257 TradeARBED 407 538
*values were obtamed from mIll test reports.
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Chapter 2 Figures
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Figure 2.2 Labels identifying the location of tensile test specimens
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Figure 2.5 Weldment from specimen 3
Figure 2.6 Weldment from specimen 4
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Figure 2.5 Weldment from specimen 3
Firure 2.6Weldment from specimen 4e
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Figure 2.7 Typical test set-up.
Figure 2.8 Data acquisition system (MEGADAC 2300c)
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Figure 2.7 Typical test set-up.
Figure 2.8 Data acquisition system (MEGADAC 2300c)
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Figure 2.9 102 mm wide ''pull-plate''
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Figure 2.10 Specimen shows the lack of cope holes in the continuity plates.
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Figure 2.10 Specimen shows the lack of cope holes in the continuity plates.
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Figure 2.11 Pull-plate failure for specimen 3.
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Figure 2.11 Pull-plate failure for specimen 3.
42
INTENTIONAL SECOND EXPOSURE
Figure 2.11 Pull-plate failure for specimen 3.
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Figure 2.12 Pull-plate failure for specimen 4.
Figure 2.13 Pull-plate failure for specimen 7
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Figure 2.12 Pull-plate failure for specimen 4.
Figure 2.13 Pull-plate failure for specimen 7
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Figure 2.14 Pull-plate failure for specimen 8.
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Figure 2.14 Pull-plate failure for specimen 8.
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Pull-plate stress vs. Nomimal elongation
102 mm wide pull-plate (high strain rate)
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Figure 2.15 Pull-plate stress vs. nominal elongation curves for specimens tested at a high strain rate.
Pull-plate stress vs. Nomimal elongation
102 mm wide pull-plate (quasi-static loading)
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Figure 2.16 Pull-plate stress vs. nominal elongation curve for 102 mm wide pull-plate test (quasi-static).
Figure 2.17 Pull-plate failure for specimen 5.
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Figure 2.17 Pull-plate failure for specimen S.
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Figure 2.18 305 mm wide "pull-plate"
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Figure 2.19 Typical large scale ''T-joint'' test set-up.
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Figure 2.19 Typical large scale "T-joint" test set-up.
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Pull-plate stress vs. Nomimal elongation
305 nun wide pull-plate (quasi-static)
750 T'---------------------i
500
..-..
t'#
~
6
I:IJ
~
I-TOOIH6 1-V1 00 250 + I0
1.751.501.251.000.750.500.25
o , \ \ I I I I ,
0.00
Nominal Elongation (%)
Figure 2.20 Pull-plate stress vs. nominal elongation curve for test 6.
Figure 2.21 Continuity plate and web failure for specimen 6.
Figure 2.22 Pull-plate failure for specimen 9.
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Figure 2.21 Continuity plate and web failure for specimen 6.
Figure 2.22 PUU-plate failure for specimen 9.
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Figure 2.23 Pull-plate failure for specimen 11.
Figure 2.24 Pull-plate failure for specimen 12.
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Figure 2.23 Pull-plate failure for specimen 11.
Fiszure 2.24 Pull-plate failure for specimen 12.
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Figure 2.25 Weld failure for specimen 10.
Figure 2.26 Weld failure for specimen 13.
53
INTENTIONAL SECOND EXP SURE
Figure 2.25 Weld failure for specimen 10.
Figure 2.26 Weld failure for specimen 13.
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Pull-plate stress vs. Nomimal elongation
305 mm wide pull-plate (quasi-static loading)
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Figure 2.27 Pull-plate stress vs. nominal elongation curves for specimens with 305 mm wide pull-plates.
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Pull-plate stress vs. Nomimal elongation
152 mm wide & notched pull-plate (quasi-static)
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Figure 2.28 Pull-plate stress vs. nominal elongation curves for specimens with 152 mm wide and notched pull-plates.
Figure 2.29 Fracture at the notches for test 1
Figure 2.30 Fracture in HAZ of welded extension for test 2.
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Figure 2.29 Fracture at the notches for test 1
Figure 2.30 Fracture in HAZ of welded extension for test 2.
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Pull-plate stress vs. Nomimal elongation
All Tee-joint tests
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Figure 2.31 Pull-plate stress vs. nominal elongation curves for all Tee-joint tests.
3.0 ANALYSIS AND DISCUSSION
3.1 Finite element model
The Tee-joint test with the original 152 mm wide pull-plates was simulated with
ABAQUS, a finite element computer program. Since the Tee-joint contains three
planes of symmetry (Figure 3.1), the behavior of the specimen can be achieved by
modeling one eighth of the specimen as shown in Figure 3.2 and placing boundary
conditions on the planes of symmetry. The model was composed using a 20-node,
quadratic solid brick, reduced integration element. This element was chosen for the
accuracy achieved in non-linear responses and because the geometry of the element
was in accordance with that required for the three-dimensional model. The model
was created with a total of 1608 elements.
The material stress-strain properties of each component of the specimen were taken
into account. The specimen consists of a pull-plate, beam-to-column weld, column
section, and continuity plate. The pull-plate and weld were modeled using the stress-
strain properties ofHSLA-lOO steel, while the column section and the continuity
plate were modeled using the properties ofA572 Gr. 50 steel. The stress-strain
relation of each type of steel was inputed as a piecewise-linear curve. There is no
failure criterion (e.g. for lamellar tearing or ductile rupture) in the finite-element
analysis. Therefore, the analysis may predict the shape of the load-elongation
response of the specimen, but cannot predict the point at which failure may occur.
58
The test was simulated by subjecting the model to displacement-controlled loading at
the top of the pull-plate. The model was stretched to approximately 10 times its yield
displacement. Figure 3.3 illustrates a the finite element model in its displaced shape.
The deformation displayed on the pull-plates suggests that the model is necking at the
pull-plate. Thus, failure is predicted to occur at the pull-plate. The contour plot of
the stress distribution experienced by the specimen at the continuity plate to web
junction is shown on Figure 3.4. The plot shows that the continuity plate takes higher
stresses than the web and that the stress is higher toward the center of the specimen.
The area on the flange just below the pull-plate is also seen on the contour plot. This
location experiences the higher stress than both the continuity plate and the flange.
Figure 3.5 shows the stress vs. nominal elongation curve obtained for the weld/flange
interface of the finite element model.
The results obtained from the finite element model were compared to the results of a
102 rom wide pull-plate test (test 7) and a 305 mm wide pull-plate test (test 13).
3.2 Stress distribution observed in Tee-joint tests
A 102 rom wide pull-plate specimen (specimen 7) and a 305 mm wide pull-plate test
(specimen 13) were instrumented with strain gages to determine the stress distribution
of the specimen while it was being loaded. The stress distribution was determined by
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multiplying the strain at each particular strain gage by the modulus of elasticity of
steel. Both specimens were loaded at quasi-static strain rate of 1.27 mm/min.
3.2.1 102mm wide pull-plate test (quasi-static strain rate)
Strain gages were placed throughout the 102 mm wide pull-plate specimen to
determine the stress distribution ofthe beam-to-columnjoint. Figure 3.6 shows the
location ofthe strain gages. The stresses calculated at peak load are shown on the
figure above or beside the strain gage. The values shown are in MPa. The strain
gages that are marked with an "x" are those that were no longer measuring strain at
peak load. For the most part this occurs in the pull-plates were the material is
yielding. The figure shows that the continuity plates take more load than the web.
The peak pull-plate stress experienced by this specimen was 800 MPa.
3.2.2 305 mm wide pull-plate test (quasi-static strain rate)
Strain gages were also placed on a 305 mm wide pull-plate test (test 13). The
location of the strain gages is shown in Figure 3.7. Again the stresses were calculated
at the peak load and they are displayed in MPa. above or besides the strain gage. The
figure shows very high stresses in the pull-plates. This is due to yielding in the pull-
plates. This specimen also shows that higher stresses exist in the continuity plates
than in the web. The stresses decrease as the strain gages get further away from the
center of the section. The peak pull-plate stress experienced by this specimen was
767MPa.
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3.3 Comparison of finite element results with test results
The results from the finite element analysis showed that the simulated specimen
yielded at a stress of 737 MPa, which is consistent with the experimental results. The
finite element analysis also predicted that the yielding would begin in the pull-plates,
which was confirmed by the experiments. The contour plot of the ABAQUS model
also shows that higher stresses existed in the continuity plate than in the web of the
column. Therefore, the behavior ofthe Tee-joint specimen can be predicted with an
elasto-plastic finite element analysis. The analysis also verified the high level of
stress in the fractured fillet welds of specimen 6.
3.4 Implications of results for design of beam-to-column connections
The results from both the laboratory tests and the finite element model suggest that
the through-thickness strength of columns is larger than the longitudinal when the
material is confined. As a result, the through-thickness strength of columns does not
need to be taken into consideration in design.
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Chapter 3 Figures
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Figure 3.1 Planes of symmetry on Tee-joint specimen
Figure 3.2 Finite element model of Tee-joint specimen
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Continuity plate
Web
Figure 3.3 Finite element displaced Tee-joint model.
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Stress vs. Nominal elongation
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Figure 3.5 Stress vs. nominal elongation curve for the fmite element simulated bottom flange weld test (modell).
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Figure 3.6 Strain gage locations and calculated stresses (MPa) for the 102 rom
wide pull-plate specimen (test 7).
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Figure 3.7 Strain gage locations and calculated stresses (MPa) for the 305 mm wide
pull-plate specimen (test 13).
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4.0 CONCLUSIONS
This investigation was conducted to determine if potential problems exist with the
through-thickness properties of columns and to propose through-thickness strength
values for design ofbeam-to-column joints. To reach this objective, column base
metal characterization tests, simulated tension flange weld tests, and finite element
analysis were conducted. The tensile properties of the column sections used were
characterized by longitudinal and through-thickness tensile tests as well as hardness
testing. To simulate the constraint present in beam-to-column connections, Tee-tests
were performed at high and low strain rates and with various widths for the simulated
beam flange (pull-plates).
The following conclusions can be drawn from this investigation:
1) No Northridge fractures can be attributed to through-thickness properties.
Although cracks propagated through the column flange material, these cracks
originated from the weld root. Some ofthese cracks propagated through lamellar
inclusions giving a "woody" appearance similar to lamellar tearing.
2) Through-thickness tensile specimens gave results typically just less than the
minimum specified yield strength.
3) The column flange material is less ductile in the through-thickness direction than
in the longitudinal direction. Very poor ductility, Le. reduction of area of less
than 20 %, can occur in the k region in the through thickness direction.
66
4) Tee-tests showed that the through-thickness tensile strength of constrained
material in a beam-to-columnjoint exceeds the minimum specified longitudinal
tensile strength. In all of the tests, the stress level in the beam flange reached at
least 690 MPa, which is well over the stress level that could be expected in even a
very high strength Grade 50 beam flange. There is no significant demand for
ductility in the through-thickness direction because the strength is so high.
Therefore, there is no need to explicity check the through-thickness strength or
ductility of the column for design
5) The behavior of the column flange material under traixial constraint can be
predicted well using a 3D elasto-plastic finite element analysis.
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